Osteochondrosis developed from the early growing process of articular cartilage at the caudalcentral region of the medial femoral condyle in rats. Articular cartilage was thick at the region. Mineralization of the matrix in the thick deep zone was incomplete and major parts remained unmineralized. Cavity formation in the mineralized matrix resulting in osteochondrotic lesions was present in the deep zone at 6 weeks of age and was followed by an appearance of viable chondrocytes around it. Osteochondrotic lesions were present from the age of 10 weeks for females and 12 weeks for males. Cavities were expanded and increased in number, and eosinophilic necrotic foci were additionally seen. These changes were extended throughout the deep zone, and viable chondrocytes were also increased in number. The thick deep zone was retained and had no detectable invasions of blood vessels from the subchondral bone. At 20 weeks of age, necrotic areas containing large clefts were present in the basal layer of the thick deep zone and fibrotic lesions were seen beneath them. In normal cases, invasions of blood vessels were seen in the basal layer of the deep zone and also in the cavities of the cartilage; the deep zone was markedly thinned at 20 weeks of age.
Osteochondrosis is a disease of impaired endochondral ossification of the cartilage in young, rapidly growing animals. Lesions are characterized by thickening of the cartilage in mammalsEJ 1,13~19,23,243, 28 and birds. 16, 22 Inherently thick cartilage occurs in predilection sites of osteochondrosis in pigs13,23 and dogs,2 and a genetic factor is involved in osteochondrotic lesion^.^ Various factors such as body weight loading, mechanical stress, or trauma are generally regarded as a triggering factor. 10, 17, 21, 23, 25, 28 Such mechanical forces are derived from overloading due to instability of the joint,' body weight loading,21 shearing or strain of pressure or or rapid growth by large food intake.1,24,29 However, there have been several reports excluding overfeeding and/ or rapid growth rate from etiologic factors of osteochondrosis.6~18, 21, 26 We found osteochondrotic lesions at caudal-central regions of the medial femoral condyle and humeral head in aged rats." Onset of lesions was at 6 weeks. The purpose of the present study is to examine the earliest change of osteochondrosis in rats and to assess possible factors causing the change.
Materials and Methods
Sixty male and 60 female Sprague Dawley rats were supplied at the age of 4 weeks from Charles River Inc., Japan.
All animals were housed two or three per cage in wire mesh cages and maintained in an air-conditioned room with free access to a commercial laboratory chow (Funabashi Farm, Japan) and tap water. In order to examine the earliest histological features of the epiphyses, 20 rats of both sexes, 3 days and 2 weeks of age, were supplied for immediate use.
Animals were weighed and killed by exsanguination under ether anesthesia at various ages. Five males and five females each at 3 days and 2 weeks of age, and ten males and ten females each at 4, 6, 8, 10, 12, and 20 weeks of age were used. Distal femurs and proximal humeri were removed and fixed in 10% buffered formalin. Tissue samples were decalcified in 25% formic acid-sodium citrate solution, cut perpendicularly to articular surface, embedded in paraffin wax, sectioned at 4 pm, stained with hematoxylin and eosin (HE) and subjected to histological examination.
An additional 20 male rats aged 4 weeks were purchased for examination of early changes of osteochondrosis. Four rats were killed at 4, 6, 8, 10, and 12 weeks of age. Samples from two animals were processed without decalcification. Unilateral samples were embedded in methacrylate medium, Table 1 . Incidence of osteochondrotic lesions in rats aged from 0 to 20 weeks.
Incidence of Osteochondrotic Lesion* Location
Sex Age? (weeks) surrounding cavity (arrow). Bar = 100 pm. and the others were in paraffin wax. Sections were cut on a microtome (Autocut, Jung), stained with HE or von Kossa, and examined histologically. Samples from two other animals were fixed in a mixture of 2% paraformaldehyde and 2% glutaraldehyde, decalcified in 59' 0 EDTA (or not decalcified), post-fixed in 29' 0 osmic acid, processed, and embedded in Epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate and examined by an electron microscopy. Microautoradiographic studies were done on four male rats aged 8 weeks. The animals received a single intravenous injection of 3H-thymidine (specific activity, 15.1 Ci/mmole, New England Nuclear) at 0.5 pCi/g b.w. and were killed after 24 hours. Distal femurs and proximal humeri were removed and 4 pm sections were prepared in the same manner as for the general light microscopy. Sections were coated with Sakura NR-M2 emulsion and exposed for 4 weeks in a dark room after which they were developed and stained with HE.
Results

Generals
Body weight rapidly increased until 8 and 10 weeks of age in males and females, respectively, and its gain was gradually reduced thereafter. An osteochondrotic lesion in the medial femoral condyle was detected from the ages of 10 and 12 weeks in females and males, respectively, and in the humeral head from the age of 6 weeks in both sexes ( Table 1 ). The incidence was higher in males than in females and tended to lower with advancing of age especially in the humeral head.
Medial femoral condyle
Early growth. At 3 days of age, the medial femoral condyle consisted entirely of hyaline cartilage, but in a few cases a fibrous sheath with capillaries was seen in the central-frontal portion of the condyle. At the same region, there was a small secondary center of ossification including thin trabecular bones and marrow tissues at the age of 2 weeks. At 4 weeks of age, the secondary center of ossification expanded throughout the epiphysis. Expansion was slightly limited at the caudal region and the articular cartilage was obviously thicker than in other regions (Fig. 1 ). The articular cartilage was divided into three zones, which were sur- advanced cases had large necrotic areas containing cavities or clefts at the basal layers of the articular cartilage, and subadjacent bone was replaced with proliferative lesion of fibrous tissues (Fig. 4) .
Normal. At 10 and 12 weeks of age in females and males, respectively, invasion of blood vessels was marked in the basal layer of the deep zone and also in cavities of the cartilage (Fig. 5 ). Invasion was more prominent in the portions adjacent to the surrouding thinned deep zone. Thus, thickness of the deep zone was reduced, and cavities and viable cells were decreased. At the age of 20 weeks, the deep zone was very thinned in almost all samples.
Growth of normal and osteochondrotic articular cartilage in the humeral head resembled that in the medial femoral condyle with a few exceptions. Cavity formation in the matrix of the thick deep zone was undetectable before the age of 6 weeks when an osteochondrotic lesion was distinguishable. Moreover, remarkably, a necrotic area associated with viable chondrocytes was seen in the basal layer of the thick deep zone in one female animal aged 4 weeks. However, this lesion was obviously narrowed by invasion of blood vessels.
Early changes
Cavity formation and viable chondrocytes, which appeared in the early growth period of the articular cartilage, were early changes resulting in osteochondrotic lesions. The medial femoral condyle and humeral head were normal or osteochondrotic.
In the deep zone of the articular cartilage from animals aged 4 weeks, mineralization of the matrix was seen in several cell depths throughout the basal layer adjacent to the subchondral bone. With advanced age the deep zone, except for that in the caudal portion, was remarkably thinned and showed uniform and dense mineralization. However, in the retained thick deep zone at the caudal region of the medial femoral condyle and humeral head, the mineralization of the matrix was limited and the major parts remained unmineralized. Mineralization was found in the basal layer (several cells deep), upper layer connected with the surrounding thinned deep zone, and in small patchy areas between the two layers. The latter two areas were remarkably mineralized in the peripheral portions close to the surrounding thinned deep zone. Mineralization at the caudal thick deep zone became uniform and dense with thinning of the zone in normal cases, but insufficient mineralization was maintained in osteochondrotic cases (Figs. 6, 7) . In normal matrices of the basal layer, there were small foci consisting of fragmented matrix and small clefts which were surrounded by viable chondrocytes. These foci were shown as irregularly mineralized areas with von Kossa stain, in which mineralized matrix appeared to be separated by very thin crevices or to be fragmented with clefts ( Fig. 8) . Such foci sometimes compressed and distorted the adjacent lacunae and protruded into the space.
Electron microscopy of the interlacunar matrix showed uniform distribution of collagen fibers; there were also some ill-defined lesions in which moderately electron-dense fibrillar, granular or amorphous materials were intermixed with electron-lucent cavities. On undecalcified sections, needle-shaped crystals of minerals were compactly deposited in the normal matrix. In areas corresponding to the above-mentioned lesion, mineralized matrix was divided into some fragments by narrow degenerative matrical substances which were slightly dense and homogeneous. Viable chondrocytes were distributed around the lesions. They were rarely bi-nucleated and contained well-developed rough endoplasmic reticulum in cytoplasms. These cells were frequently paired in the lacunar space and immediately surrounded with substances resembling the interlacunar matrix. There were also destructive areas of the cartilage, and the matrix near the area contained ir-regularly arranged fibers and many electron-dense materials.
Microautoradiographic examination using 3H-thymidine usually showed grains on the nuclei of chondrocytes in the surface and middle zones. In the deep zone, labellings were also seen on the viable cells near the cavities in the basal layer ( Fig. 9 ).
Discussion
Early growth of the articular cartilage of rats was characterized by inherently thick deep zone at the caudal regions of the medial femoral condyle and humeral head, incomplete mineralization of the matrix, and small cavity formation with amorphous substances in the mineralized matrix, followed by an appearance of viable chondrocytes. Osteochondrotic lesions developed from the early growing process of the articular cartilage through expansion of the cavities of the cartilage and a secondary increase in number of viable cells. The inherently thick articular cartilage and development of the lesion resemble those in pigs. The thick cartilage in predilection site of osteochondrosis is described as a local growth potentialz3 or a normal developmental character is ti^,'^ and dyschondroplasia (osteochondrosis) is regarded as congenital and part of the usual growth pattern of the cartilage in pigs between birth and adole~cence.~ Cavities, the earliest change of osteochondrosis in rats, were formed by lysis of degenerated and fragmented mineralized matrix. The cavity formation is thought to be a step for endochondral ossification because it received invasion of blood vessels in normal rats. The cavities of the cartilage may resemble focal accumulation of acidophilic, amorphous material at the junction of the epiphyseal cartilage and trabecular bone, which are shown in the distal humeri of pigs.13 It has been mentioned that fractured cartilage spicules contained in the lesion provide scaffolding for endochondral bone formation.
For development of osteochondrosis in rats, inherently thick articular cartilage and expansion of cavities of the cartilage were necessary. These changes are thought to be induced by internal and external factors which are suggested in osteochondrosis of dogs.*O In animals hormone and overloading are regarded as internal and external factors, respectively. Inherently thick cartilage in rats is considered to be induced by an internal factor. Although incongruent joints, which contact minimally with opposing articular surface, are reported to make thick articular cartilage in dog^,^^,^' the internal factor is obscure in rats. The external factor is thought to be mechanical stress on the articular cartilage, because inherently thick cartilage might be predisposed to the influence of deleterious biomechanical insult13 although mechanical force by itself may hardly induce changes of the cartilageIg and can produce only reversible osteochondrotic lesion^.^ Mechanical stress including local overloading is postulated to cause formation and expansion of degenerative foci of the matrix resulting in cavity formation in the basal layer of the articular cartilage in rats. However, there is no evidence for a correlation between these forces and cavity formation, and therefore effects of mechanical factors including incongruity of knee and shoulder joints on the articular cartilage must be examined in growing rats.
Viable chondrocytes may appear and proliferate to fill the cavity formed in cartilage. The cells are similar to cluster formations of chondrocytes described in osteochondrotic lesions of domestic a n i m a l~. * J "~~,~~~~ An increase in number of these dividing cells associated with expansion of the cavities is supposed to prevent invasions of blood vessels into the cartilage and to contribute to maintaining the thick deep zone of the articular cartilage.
Incomplete mineralization in the thick deep zone of rats resembles that in osteochondrosis of pigs, in which areas of densely mineralized cartilage matrix are interspersed with lightly mineralized or nonmineralized a~e a .~J~ Normal progression of endochondral ossification does not continue to culmination and results in the focal retention of an area of nonmineralized cartilage.I4
A decrease in incidence of osteochondrosis and a reparative lesion shown in the humeral head of a female rat aged 4 weeks are thought to suggest that mild lesions could recover. Repair of osteochondrotic lesions has been described in pigs,* turkeys,2z and The higher incidence of osteochondrosis in male than in female rats is similar to that in dog^^,^,^^,^^ and pigs.6 More rapid body weight gain of male rats may contribute, in part, to the sex difference in the incidence of osteochondrosis similarly to that in tibia1 dyschondroplasia of
